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COMPATIBILITY OF LM PGNCS AND AGS CONCENTRIC 

RENDEZVOUS MANEWER COMPUTATIONS 

By Dennis M. Braley, Ernest  M. Fridge,  

Robert N.  Hinson, and E l r i c  N .  McHenry 

SUMMARY 

This repor t  presents  a summary of PGNCS and AGS c a p a b i l i t i e s  t o  perform 
t a rge t ing  and guidance computations f o r  t he  rendezvous phase of t h e  lunar  
landing mission. Differences i n  PGNCS and AGS computations a r e  discussed, 
and t h e  t a rge t ing  and guidance equations of each a r e  compared. 

Analysis of da ta  generated from engineering simulations of t h e  pro- 
grams implies t h a t  t h e  only program di f fe rences  of major s ign i f icance  are 

1. Coasting in t eg ra to r  differences.  

2. V extrapolat ion i n  t h e  PGNCS. G 

3. Different  engine cutoff  c r i t e r i a .  

4. The lack of an option i n  t h e  PGNCS t o  allow an astronaut  input 
request  f o r  the  posi t ioning o f  CDH at a mult iple  of 1.80~ from CSI. No 
program changes a r e  recommended in  t h i s  repor t  other  than t o  change t h e  
PGNCS CSI i t e r a t i o n  logic  t o  a l l o w  t h e  astronaut  t o  request  a posi t ioning 
of CDH at a mult iple  of 180° from CSI. 

INTRODUCTION 

The maneuvers of t h e  rendezvous phase of t h e  lunar  landing mission 
which t h e  primary guidance and navigation cont ro l  system (PGNCS) and abort  
guidance system (AGS) of t h e  LM must guide a r e  

1. CSI - c o e l l i p t i c  sequence i n i t i a t i o n .  

2. CDH - c o e l l i p t i c  maneuver. 
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3. TPI - terminal phase i n i t i a t i o n .  

4. MCC - midcourse cor rec t ions .  

This repor t  describes both t h e  primary onboard guidance equations, i . e . ,  
those i n  t h e  PGNCS, and t h e  abort  guidance equations, ? . e . ,  those  i n  
t h e  AGS. The PGNCS descr ip t ion  i s  based on re ferences  1 and 2. The AGS 
descr ip t ion  i s  based on references 3 through 6. 
d i f fe rences  i n  computational cons t r a in t s  and i n  t h e  techniques employed 
i n  t h e  two systems. 

Table I l i s t s  t h e  

PGNCS RENDEZVOUS PHASE COMPUTATIONS 

Rendezvous Targeting 

The PGNCS uses two methods of s t a t e  vector propagation during a 
coas t :  
using Encke's method. The prec is ion  coasting i n t e g r a t o r  uses a p o t e n t i a l  
function based on t h e  per turba t ion  terms J 

(1) the  Keplerian (two-body) method, and (2 )  prec is ion  in t eg ra t ion  

and J4 f o r  t h e  e a r t h  2' J33 

22 and J and J 2 f o r  t h e  moon. 

There a r e  four main areas t o  t h e  PGNCS rendezvous phase computations: 
(1) pre-CSI, ( 2 )  pre-CDH, (3 )  pre-TPI, and ( 4 )  midcourse cor rec t ions .  
Each area  w i l l  be discussed separately.  
overwrite t h e  components of any maneuver. 
used t o  n u l l  out-of-planeness of t h e  LM o r b i t  t o  t h e  CSM o r b i t .  
summarizes the  rendezvous t a rge t ing  program to l e rances .  

The as t ronaut  has t h e  option t o  
Normally t h i s  option w i l l  be 

Table I1 

Pre-CS1.- The pre-CSI t a rge t ing  program computes a hor izonta l  ve loc i ty  
increment a t  a spec i f i ed  time which, along with t h e  CDH c o e l l i p t i c  maneu- 
v e r ,  w i l l  cause t h e  ac t ive  vehic le  t o  a r r i v e  with t h e  des i red  l i n e  of 
s igh t  a t  the TPI  time. The program accepts t h e  following inputs :  

1. Choice of ac t ive  vehic le .  

2. Number of aps ida l  crossings a f t e r  CSI a t  which CDH occurs. 

3. Time of CSI. 

4. Desired e leva t ion  angle a t  TPI. 

5 .  Time of TPI. 

The des i red  elevation angle may be input from Oo t o  360O, and may r e s u l t  
i n  e i t h e r  rendezvous from below or from above. F i r s t  quadrant and t h i r d  
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quadrant angles a r e  equivalent inputs.  Second quadrant and fou r th  quadrant 
angles a r e  equivalent inputs .  I f  t h e  des i red  e leva t ion  angle i s  i n  t h e  
f i r s t  quadrant, t h e  r e l a t i v e  posi t ions of t h e  vehic les  a t  TPI w i l l  be e i t h e r  
ac t ive  vehicle  below and behind t h e  passive vehicle  or above and ahead. 
When t h e  desired e leva t ion  angle i s  i n  t h e  second quadrant and r e l a t i v e  
vehicular  posi t ioning a t  TPI w i l l  be e i t h e r  ac t ive  vehic le  below and ahead 
or above and behind. 

The program begins computations by updating t h e  veh ic l e ' s  s t a t e  
vectors  t o  t h e  t ime of CSI with t h e  prec is ion  in tegra tor .  
vehic le  state vector  at CSI i s  ro ta ted  i n t o  t h e  o r b i t a l  plane of t h e  
passive vehicle .  The passive vehicle  state vector  i s  then  advanced with 
two-body motion t o  t h e  time of T P I ,  and t h e  s ta te  vector  a t  t h i s  t i m e  i s  
s tored.  

The a c t i v e  

The f i r s t  guess a t  AVcsI i s  obtained by subtract ing t h e  a c t i v e  

veh ic l e ' s  hor izonta l  ve loc i ty  at CSI from t h e  horizontal  ve loc i ty  required 
t o  obtain a t  180° from CSI a radius magnitude equal t o  t h a t  of t h e  passive 
vehic le  at TPI. The AVcsI guess i s  then  added t o  t h e  s t a t e  vector  and 

t h e  time t o  t h e  pe r i aps i s  i s  solved f o r  with two-body equations. I f  t h e  
r e s u l t a n t  o r b i t a l  eccen t r i c i ty  i s  less than .0001 or  if a l t i t u d e  rate,  

161, i s  l e s s  than  0.05 f p s ,  t h e  time t o  the per i aps i s  is  not computed, 
and t h e  CSI point  i s  considered t o  be an aps i s .  The t i m e  of t h e  CDH 
maneuver i s  computed as a function of t h e  t ime t o  pe r i aps i s ,  t h e  o r b i t a l  
per iod,  and t h e  des i red  aps ida l  crossing. 

Both state vec tors  a r e  advanced by t h e  Keplerian mode from CSI t o  
CDH t i m e .  The phase angle a t  CDH is  computed and t h e  passive veh ic l e ' s  
S t a t e  Vector propagated by t h e  Keplerian method through t h e  phase angle t o  
phase match with t h e  ac t ive  vehic le ' s  s t a t e .  The c o e l l i p t i c  Ah i s  the 
t a r g e t  rad ius  minus t h e  chaser radius .  
ca lcu la ted  and added t o  t h e  ac t ive  veh ic l e ' s  s t a t e  vector .  

The c o e l l i p t i c  maneuver AV is  

The ac t ive  vehic le  i s  advanced t o  TPI time with t h e  Keplerian 
in t eg ra to r .  Then t h e  phase angle e r r o r ,  6y, i s  obtained as t h e  d i f fe rence  
of t h e  phase angle at TPI and the desired phase angle. 
angle  is  a funct ion of t h e  input desired $levat ion angle and t h e  
c o e l l i p t  i c  Ah. 

The des i red  phase 

An i t e r a t i o n  on AV i s  done t o  dr ive  6y t o  zero. The first incre- CSI 
ment t o  AVcsI i s  AV = -10 fps .  

l i nea r i za t ions  of AV guesses and r e s u l t a n t  phase angle e r ro r s  at  TPI. 
The i t e r a t i o n  i s  terminated whenever AV <0.1 f p s .  I 

Subsequent i t e r a t i o n s  on AV are CSI 
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I f  any of t he  fo l lowim conditions a r e  encountered during program 
ca lcu la t ions ,  the i t e r a t i o n  sequence i s  terminated: 

1. I f  on the  f i r s t  i t e r a t i o n  t h e  a c t i v e  vehic le  goes above t h e  
passive vehicle  and if t h e  desired l ine-of-sight vector  does not i n t e r -  
s ec t  t h e  passive veh ic l e ' s  o r b i t .  

2.  If t w o  succeeding i t e r a t i o n s  result i n  A V ' s  f o r  CSI g rea t e r  than  
1000 fps .  

3. If t h e  i t e r a t i o n  counter exceeds 1 5 .  

4, 
After  a CSI i t e r a t i o n  has converged, t h e  program checks t h e  following 

If predicted CDH t i m e  i s  grea te r  than desired TPI t ime. 

cons t ra in ts  : 

1. Per iaps is  a l t i t u d e  a f t e r  both t h e  CSI and CDH maneuvers should 
be g rea t e r  than 85 n. m i .  f o r  t h e  ea r th  and 35 000 f t  f o r  t h e  moon. 

2 .  The time between t h e  maneuvers should be g rea t e r  t han  1 0  minutes. 

I f  one of t h e  above s ix  cons t ra in ts  i s  v io l a t ed ,  an  e n t i r e l y  new 
An attempt i s  made t o  d r ive  6Y t o  zero by 
This i s  done by incrementing t h e  o r i g i n a l  

i teration' .sequence i s  i n i t i a t e d .  
changing t h e  catch-up d i rec t ion .  

oppositely t o  t h e  f i r s t  i t e r a t i o n  sequence i n  s t eps  of 50 fps .  

That i s ,  if the f i rs t  i t e r a t i o n  sequence attempted t o  d r i v e  by t o  zero 
by incrementing (decrementing) t h e  i n i t i a l  AVCSI guess,  t hen  t h e  new 

sequence w i l l  decrement (increment) t h e  i n i t i a l  AVcs1* menever 6Y 
changes s ign  as a r e s u l t  of one of t h e  50-fps s t e p s ,  t hen  a l i n e a r  
i t e r a t i o n  i s  set  up. 
one of t h e  cons t ra in ts ,  t h e  program i s  ex i ted  with t h e  alarm code r e f e r r i n g  
t o  t h e  f a i l u r e  of t h e  f i r s t  i t e r a t i o n  sequence. 

Pre-CDH.- The pre-CDH ta rge t ing  program i n  t h e  PGNCS has t h e  following 

AVCSI 

If t h e  second i t e r a t i o n  sequence a l s o  fa i l s  

inputs  : 

1. Choice of a c t i v e  vehicle .  

2. Time of t h e  CDH maneuver. 

3. Desired e leva t ion  angle at TPI. 

The program advances t h e  s t a t e  vectors  t o  CDH t i m e  with t h e  precisLon 
in t eg ra to r .  Then t h e  ac t ive  veh ic l e ' s  state vector  i s  ro t a t ed  i n t o  t h e  
o r b i t a l  plane of t h e  passive vehicle .  The CDH maneuver i s  computed as 

. 
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i n  t h e  pre-CSI program and added t o  t h e  a c t i v e  v e h i c l e ' s  s t a t e .  
both vehic les '  s t a t e  vec tors  a r e  advanced with t h e  Encke in tegra tor  t o  
t h e  t ime of TPI and t h e  pre-TPI program i s  ca l l ed  t o  do an i t e r a t i o n  on 
t h e  e leva t ion  angle desired a t  TPI .  If t h e  i t e r a t i o n  can f i n d  no I 
time corresponding t o  t h e  desired e leva t ion  angle ,  t h e  program i s  exi ted 
with a f a i l u r e  ind ica tor  displayed t o  t h e  astronaut .  
t hen  recyc le  t h e  program by changing t h e  input values .  

Then 

The astronaut  may 

Pre-TP1.- The pre-TPI program requi res  t h e  following inputs :  

1. Choice of ac t ive  vehicle.  

2. Time of t h e  TPI maneuver. 

3. Travel angle,  u t ,  of the  passive vehic le  during t h e  t r a n s f e r  
phase of t h e  a c t i v e  vehic le .  

4. Desired elevat ion angle. 

The e leva t ion  angle desired must be defined from 0' t o  360'. If 
t h e  desired e leva t ion  angle is  input as zero,  then no i t e r a t i o n  i s  done, 
but t h e  ac tua l  l ine-of-sight angle i s  computed and displayed. 

Both state vectors  are moved t o  t h e  t ime of TPI  with t h e  Encke 
in t eg ra to r .  The ac tua l  and desired phase angles are computed and an 
i t e r a t i o n  i s  done on t h e  TPI time by 

er ror  i n  phase angle 
difference i n  o r b i t a l  rates A t  = 

The s t a t e  vec tors  a r e  advanced through each A t  cor rec t ion  with Keplerian 
motion. The phase angle i t e r a t i o n  to le rance  used i s  0.1'. 

The desired in te rcept  t i m e  is  computed with two-body equations as a 
funct ion of TPI time and t h e  t r u e  anomaly d i f fe rence ,  u t .  The precis ion 
in tegra tor  i s  used t o  advance the  s t a t e  vector of t h e  passive vehic le  t o  
t h e  time of i n t e rcep t ,  and t h e  resu l t ing  pos i t ion  vec tor  i s  t h e  t r u e  
t a r g e t  point .  

The pre-TPI t a rge t ing  rout ine computes a TPF a i m  point  f o r  t h e  
Lambert guidance. Since t h e  Lambert guidance equations solve t h e  in t e r -  
cep t  problem with two-body motion, t h e  ta rge ted  a i m  point  must be biased 
from t h e  t r u e  TPF t a r g e t  so t h a t  t h e  ac tua l  r e su l t an t  t r a j e c t o r y  i n t e r -  
cep ts  t h e  t r u e  t a r g e t .  The b i a s  i s  calculated as follows: The pre-TPI 
program u t i l i z e s  a Lambert rout ine (with Keplerian equations) t o  solve 
f o r  t h e  ve loc i ty  required a t  TPI t o  r e s u l t  i n  an in t e rcep t  of t h e  t r u e  
t a r g e t  a t  TPF. The precis ion integrator  propagates t h e  r e su l t i ng  s t a t e  
vec tor  t o  TPF time. The chaser posi t ion vector  so obtained at TPF time 
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The PGNCS u t i l i z e s  a f ixed  i n e r t i a l  guidance scheme f o r  t h e  CSI and 
CDH maneuvers. This guidance scheme i s  denoted as externa l  AV, EXDV. 
The pre-CSI and pre-CDH programs generate t a r g e t s  f o r  EXDV. The pre-CSI 
and pre-CDH AV t a r g e t s  a r e  computed p a r a l l e l  t o  t h e  o r b i t a l  plane of t h e  
passive vehicle.  The ta rge ted  out-of-plane component i s  zero.  Then t h e  
ex terna l  AV guidance s e t s  up an a c t i v e  vehic le ,  l o c a l  b r i z o n t a l  coordinate 
system a t  t h e  t i m e  of main engine ign i t ion .  
p a r a l l e l  t o  the passive vehic le ' s  plane is  burned out i n  t h e  a c t i v e  
veh ic l e ' s  plane; i .e . ,  no out-of-plane AV r e s u l t s .  
may a l s o  be generated i n  t h e  RTCC and uplinked t o  t h e  LGC. 

The maneuver t a rge ted  

The ex terna l  AV t a r g e t s  
External AV 

I guidance accepts t h e  following as inputs :  
I 

w i l l  m i s s  t h e  t r u e  t a r g e t .  
i n  t h e  poten t ia l  funct ion model used i n  t h e  Lambert rou t ine .  
a new a i m  point i s  generated by b ias ing  t h e  t r u e  t a r g e t  by t h e  m i s s  
vector .  
t h e  ve loc i ty  required at TPI t o  in te rcept  t h e  biased TPF aim poin t .  
Another m i s s  vector i s  obtained with t h e  prec is ion  in t eg ra to r  and t h e  
f i n a l  a i m  point i s  determined by b ias ing  t h e  last  aim point  by t h e  new 
m i s s  vector .  T h i s  f i n a l  a i m  po in t ,  biased from t h e  t r u e  t a r g e t ,  i s  t h e  
t a rge t ing  passed t o  t h e  Lambert guidance program. 

The m i s s  is  due t o  t h e  l ack  of per turba t ions  
Therefore,  

Then the  pre-TPI program uses  t h e  Lambert rou t ine  t o  solve f o r  

If any of t h e  following conditions occur during pre-TPI computations, 
t h e  program i s  exi ted and an alarm displayed: 

1. The i t e r a t i o n  counter exceeds 1 5  i t e r a t i o n s .  

2. The desired l i n e  of s igh t  from t h e  a c t i v e  vehic le  does not 
i n t e r sec t  t h e  c i r cu la r  o r b i t  with rad ius  equal t o  t h a t  of t h e  passive 
vehicle  a t  TPI. 

3. The input desired elevat ion angle i s  not compatible with a f e a s i b l e  
rendezvous; i . e . ,  desired elevat ion angle i s  g rea t e r  than 180° but t h e  
chaser i s  below t h e  t a r g e t ,  or desired elevat ion angle i s  l e s s  than 180° 
but t h e  chaser i s  above t h e  t a r g e t .  

The rendezvous midcourse program accepts as input t h e  choice of ac t ive  
vehic le .  

The time of t h e  maneuver i s  taken t o  be present  t ime p lus  a delay 
time. 
f o r  a maneuver. The delay t imes used w i l l  be i n  erasable  memory and w i l l  
be determined nominally as a funct ion of crew t r a i n i n g  p r i o r  t o  each 
f l i g h t .  There w i l l  be  two d i f f e r e n t  delay t imes i n  t h e  program: one f o r  
LM ac t ive ,  and t h e  other  f o r  CSM ac t ive .  
computed as i n  t h e  pre-TPI program. 

The delay t ime is  t h e  time required f o r  t h e  astronaut  t o  prepare 

The maneuver t a rge t ing  i s  

Guidance 

. 
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a 

T I G  1. Main engine ign i t i on  time, 

2. The t a r g e t  AV vector i n  a l o c a l  horizontal  coordinate system 

I G  defined at T 

3. Thruster t o  be used. 

The guidance equations are used t o  compute an est imate  of t h e  required 
thrus t ing  t i m e .  
t h a t  t h e  acce lera t ion  l e v e l  remains constant through t h e  burn. 
estimated acce lera t ion  l e v e l  i s  computed a s  a function of a prestored 
t h r u s t  l e v e l  f o r  t h e  t h r u s t e r  selected and t h e  current  estimate of t h e  
veh ic l e ' s  weight. The burn-time computation has two sources of e r ro r  
s ince  the  acce lera t ion  i s  not constant through t h e  burn and s ince t h e  
s tored  th rus t  l e v e l  may not agree with t h e  ac tua l .  
estimate t h e  equations compute the r e su l t an t  burn a rc .  The i n e r t i a l  
t h r u s t  d i r ec t ion  i s  determined by biasing t h e  in-plane component of t h e  
input t a r g e t  AV vector by one-half t h e  estimated burn a rc .  The maneuver 
i s  performed by th rus t ing  along the i n e r t i a l  d i rec t ion .  
control led by t h e  burn t i m e  remaining, TGO, which i s  computed as a func- 

t i o n  of t h e  ve loc i ty  t o  be gained, VG. 

t a i l -o f f  considerations.  

guidance cycle;  however, it i s  not redetermined after it becomes less 
than  4 seconds. 
t i m e r  i s  set t o  shut down t h e  engine TGO seconds l a t e r .  

f o r  a manually control led RCS burn. 

The computation o f  burn t ime i s  based upon t h e  assumption 
The 

From t h e  burn-time 

Engine cutoff i s  

The TGO ca lcu la t ions  include 

The TGO parameter i s  recomputed each 2-second 

When TGO becomes l e s s  than 4 seconds, t h e  engine cutoff 
TGO i s  not used 

Lambert s teer ing  i s  t h e  guidance method used t o  perform t h e  TPI 
and midcourse maneuvers. 
supply t h e  inputs  needed for Lambert guidance: 

The pre-TPI and midcourse t a rge t ing  programs 

1. Main engine ign i t i on  time. 

2. Time of i n t e rcep t ,  TPF. 

3. A i m  point vector  at TPF. 

4. Thruster t o  be used. 

- 
The ve loc i ty  required,  VR, i s  calculated by passing a Lambert solut ion be- 

tween t h e  current  vehicle  pos i t ion  vector and t h e  aim point vector .  

ve loc i ty  t o  be gained, VG, i s  computed as  the  difference between t h e  required 

ve loc i ty ,  VR, and t h e  current vehicle ve loc i ty .  The LM t h r u s t s  along t h e  7 G 

The 
- 

- 



8 

vector .  
cant i n  the  APS, and attempts t o  a l ign  t h e  ac tua l  t h r u s t  vector  along t h e  
desired t h r u s t  d i rec t ion .  The TGO parameter i s  computed as i n  EXDV. 

a PGNCS guided maneuver i s  estimated t o  be less than 6 seconds long, 
no ac tua l  s teer ing  i s  performed. 

t he  vehic le  i s  put i n  the  a t t i t u d e  hold mode and t h e  t h r u s t e r  i s  shut of f  

TGO 
not occur instantaneously on request from t h e  guidance log ic ;  t h e  computing 
time va r i e s  as a function of t h e  number of higher p r i o r i t y  requests  t o  
which t h e  computer i s  responding. 
and s t ee r ing  functions p r i o r i t y  over computation of a new Lambert so lu t ion .  
A t  t he  beginning of each guidance cycle the  program determines whether 

t h e  new 

t h e  time of the current  guidance cycle and a new request f o r  a Lambert 

so lu t ion  i s  made. If a new i s  not ava i lab le ,  t h e  used on t h e  previous 

guidance cycle i s  extrapolated t o  t h e  time of t he  current  guidance cycle .  

Since v ( t )  becomes ava i lab le  a f t e r  t h e  time t ,  it i s  f i r s t  used on t h e  

f i r s t  guidance cycle following completion of i t s  ca lcu la t ion .  

V ( t + A t )  f o r  use i n  t h e  s t ee r ing  program, 

by t h e  equation: 

The PGNCS accounts f o r  engine gimbaling i n  t h e  DPS, and engine 

I f  

When TGO becomes less than 4 seconds, 

seconds l a t e r .  The ca lcu la t ion  of yR(t)  and subsequently vG(t) does 

The computer always gives navigation 

has been ca lcu la ted ;  i f  it has, t h e  new vG i s  extrapolated t o  G 

G G 

G 
To obtain 

- 
( t )  i s  extrapolated t o  t + A t  G G 

The vector  E i s  t h e  sensed incremental ve loc i ty  during t h e  i n t e r v a l  A t .  

The vector  b i s  an approximation of t h e  time der iva t ive  of vG. 
approximation of b i s  computed u t i l i z i n g  values of time dependent va r i ab le s ,  
such as t h e  gravi ty  vec tor ,  which a re  determined a t  time t .  
t i o n  t h a t  b i s  a constant over t h e  i n t e r v a l  A t  r e s u l t s  i n  an extrapolated 

V G ( t + b t )  which i s  incor rec t .  

a new 'iT 
p r i o r i t i e s ,  it i s  not uncommon f o r  t h e  s t ee r ing  t o  compute T 

a vG extrapolated over 6 seconds. 

extrapolated vG i s  used t o  ca l cu la t e  t h e  f i n a l  TGO. 

i s  near t he  4-second cont ro l  value and has been determined with a 

extrapolated over severa l  guidance cycles ,  then r e su l t an t  vG r e s idua l s  

can be s ign i f i can t .  

The 

The assump- 

- 
A new b vector  i s  ca lcu la ted  only whenever 

Due t o  computational i s  determined from t h e  Lambert equations.  G 
based on GO 

Errors i n  t h e  burn occur when such an 

GO 

G '  

When a f i n a l  T 
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AGS RENDEZVOUS PHASE COMPUTATIONS 

P 

The AGS computations use two-body equations.  The t a r g e t i n g  and 
guidance philosophy d i f f e r s  f r o m t h e  PGNCS i n  t h a t  t h e  CSI and CDH 
maneuvers a r e  resolved each 2-second guidance cycle.  
AGS CSI-CDH guidance i s  t h a t  t h e  thrust d i r e c t i o n  i s  not i n e r t i a l l y  f ixed  
as i n  t h e  PGNCS. 

The AGS rout ine  which computes CSI t a r g e t i n g  may be c a l l e d  up by t h e  

The r e s u l t  of t h e  

p i l o t  p r i o r  t o  t h e  time of CSI; however, subsequent i t e r a t i o n s  of t h e  
equations occur at 2-second in te rva ls .  Nominally, t h e  CSI rout ine  w i l l  
be ac t iva ted  long enough before CSI t ime f o r  a convergent so lu t ion  t o  be 
generated before ign i t i on  time. The CSI rou t ine  expects t hese  inputs :  

1. T i m e  of CSI. 

2. Time of TPI. 

3. Desired e leva t ion  angle a t  TPI. 

4. Apsidal crossing desired f o r  CDH. 

5 .  An indica tor  def ining CDH t o  be at  an  aps ida l  crossing or t o  
be a mult iple  of 180° from CSI ( c i r cu la r  mode). 

The CDH maneuver may be specif ied t o  occur at t h e  f i r s t ,  second, or  
t h i r d  aps ida l  crossing a f t e r  CSI. 
as t ronaut  t o  def ine  CDH t o  be a multiple of 180° from CSI. 
angle so defined must be no greater  than  540°. Operational procedures 
s t a t e  t h a t  t h e  c i r c u l a r  mode w i l l  be used by t h e  crew whenever t h e  CSI 

a l t i t u d e  r a t e  < 1 0  fps .  

An option exis ts  which allows t h e  
The c e n t r a l  

The CSI rou t ine  makes i t s  f irst  t h r e e  i t e r a t i o n s  of t h e  equations 
An i t e r a t i o n  with prestored values f o r  AVCSI (-40 fps ,  0 f p s ,  40 f p s ) .  

procedure i s  then  s t a r t e d  which minimizes t h e  cos t  func t ion ,  which i s  t h e  
absolute  value of t h e  phase angle e r ro r  a t  TPI .  
increment t o  t h e  LM horizontal  ve loc i ty  a t  CSI i s  added t o  t h e  LM s t a t e  
vec tor  p a r a l l e l  t o  t h e  CSM plane. 
advanced t o  t h e  time of CDH by a Keplerian e l l i p s e  pred ic tor .  

Each p a r t i c u l a r  t r ia l  

Both t h e  LM and CSM s t a t e  vectors  a r e  

The CDH rout ine  accepts as i ts  only input t h e  time-to-go t o  CDH. 
The rout ine  computes t h e  ve loc i ty  increment with hor izonta l  component 
p a r a l l e l  t o  t h e  CSM o r b i t a l  plane necessary t o  give t h e  LM an o r b i t  
c o e l l i p t i c  t o  t h a t  of t h e  CSM. 
t h e  LM s t a t e .  Both vehicles  are assumed t o  have near c i r c u l a r  o r b i t s  
a f t e r  CDH, and t h e  t r u e  anomaly predict ions f o r  TPI t i m e  a r e  computed 
accordingly. 
e t e r s  needed a r e  t h e  t r u e  anomalies of both vehic les  at des i red  TPI, 

The CDH ve loc i ty  increment i s  added t o  

That i s ,  t o  compute t h e  phase angle a t  TPI  t h e  only param- 
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t ime. The t r u e  anomaly of each vehic le  a t  TPI i s  approximated by 

O = q * A T + c i ,  

?here AT i s  t h e  t ime from CDH t o  TPI, rl i s  t h e  mean o r b i t a l  motion, 
R i s  t h e  r a d i a l  r a t e  a f t e r  CDH, and c i s  a prestored constant defined 
i n  reference 6. The cost  funct ion i s  then calculated as t h e  absolute  
value of t h e  difference i n  t h e  approximated phase angle at TPI and t h e  
desired phase angle a t  TPI. Accuracy of t h e  cos t  funct ion computation 
degrades s ign i f i can t ly  f o r  o r b i t a l  e c c e n t r i c i t i e s  g rea t e r  than  0.015 
and c o e l l i p t i c  height differences grea te r  than 600 000 f t .  
on AVCSI required t o  minimize t h e  cos t  funct ion w i l l  continue u n t i l  t h e  

change t o  AV computed i s  l e s s  than 0.15 fps .  

The i t e r a t i o n  

CSI 

The AGS makes no checks on unsafe pe r i aps i s ,  unreasonable AV cos t s ,  
or u n r e a l i s t i c  times between maneuvers. 
aps i s  height a f t e r  t h e  CSI maneuver i s  not ava i lab le  t o  t h e  astronaut  
through t h e  Data Entry and Display Assembly (DEDA) readouts u n t i l  a f t e r  
CSI execution. DEDA i s  a general  purpose input-output device l i nk ing  t h e  
astronaut with t h e  AGS computer. 

Furthermore, t h e  predicted per i -  

The AGS has two TPI  options.  One route  computes t h e  TPI maneuver 
a t  a f ixed  time. The only other  input needed i s  t h e  tilne of t r a n s f e r .  This 
opt ion w i l l  o rd inar i ly  be used only during maneuver execution. 
other  TPI  option i s  ca l l ed  t h e  TPI search rout ine .  It requi res  as input 

The 

a f ixed  T from current  time t o  TPI. Since t h e  AGS cycles  i n  r e a l  time GO 
with each 2-second guidance s t ep ,  t h e  TPI search rout ine  advances TPI as 
current  time advances. 
mine the  time of occurrence of t h e  desired TPI elevat ion angle.  

The p i l o t  may watch t h e  DEDA readouts t o  deter-  

The TPI d i r ec t  t r a n s f e r  rout ine  computes t h e  LM s t a t e  vector  a t  TPI 
and t h e  CSM s t a t e  vector at TPF using t h e  Keplerian e l l i p s e  pred ic tor .  

solve f o r  t h e  
t r a n s f e r .  The i t e r a t i o n  i n  t h e  Lambert program u t i l i z e s  a convergence 
to le rance  on the t r a n s f e r  time of 2 seconds and has a maximum of e ight  
i t e r a t i o n s .  Due t o  computer sca l ing ,  a l l  t r a n s f e r  t r a j e c t o r i e s  should 
have the  following proper t ies :  

I The rout ine  u t i l i z e s  a Lambert program t o  AV required f o r  

1. Apoapsis height of l e s s  than  300 n. m i .  

2. Orbi ta l  eccen t r i c i ty  less than  0 .5 .  

3 .  No t ransfer  angle within a 10' band about 0' , 180' , or  360'. 

t 

4. No t r ans fe r  time grea te r  than 213. 
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The AGS guidance attempts t o  o r i en t  t h e  X-body axis along t h e  desired 
t h r u s t  d i r ec t ion  whenever t h e  RCS o r  DPS engines are used. If t h e  APS 
i s  used, t h e  X-body axis i s  biased from t h e  desired t h r u s t  d i r ec t ion  t o  
account f o r  APS engine cant .  No cor rec t ion  i s  made f o r  DPS gimbaling. 
Active s teer ing  ceases ,  and t h e  system goes t o  t h e  at t i tude-hold mode 

whenever 7 < 15 fps .  Engine shutdown occurs i n  t h e  AGS whenever t h e  

V 

t h e  7 magnitude i s  l e s s  than 100 f p s .  

not cut of f  by the  automatic logic .  

G - 
component i n  t h e  X-body axis d i rec t ion  becomes l e s s  t han  2.1 f p s  and G 

A manually cont ro l led  RCS burn i s  G 

The AGS a l s o  has an external  AV option. The inputs required a r e  

1. Time of t h e  maneuver (u l lage  on ) .  

2. The t a r g e t  AV vector defined i n  a l o c a l  horizontal  coordinate 
system defined at t h e  beginning of u l lage .  

3. Thruster t o  be used. 

The t h r u s t  d i r ec t ion  i s  not biased as i n  t h e  PGNCS. 

ANALYSIS OF TEST RESULTS 

Tables 111, I V ,  V ,  and V I  are condensations of t h e  r e s u l t s  of four 
t e s t  cases devised t o  discover the r e l a t i v e  i q o r t a n c e  of d i f fe rences  
i n  AGS and PGNCS rendezvous computations. 
on t h e  E mission "single bubble" rendezvous plan.  
t h a t  most differences i n  AGS and PGNCS have negl ig ib le  e f f e c t s  on t h e  
t r a j e c t o r y  and f u e l  usage. The following d i f fe rences  had e f f e c t s  no- 
t i c e a b l e  enough t o  require  discussion: 

A l l  t h e  t e s t s  were based 
The tes ts  indicated 

1. The PGNCS coast ing in tegra tor  has oblateness per turbat ion terms 
but  t h e  AGS coast ing in t eg ra to r  i s  Keplerian. 

2.  Due t o  computer sequencing, during a Lambert burn t h e  PGNCS 

may use 7 values extrapolated over as much as s i x  seconds. 

3. The two computers have d i f f e ren t  cutoff  c r i t e r i a .  

G 

4. The PGNCS has no option t o  allow t h e  astronaut t o  specify 
t h a t  CDH occurs a t  a mult iple  of 180° from CSI. 

It i s  t o  3e noted t h a t  t h e  t e s t s  were not intended t o  operat ional ly  
simulate a mission p r o f i l e  complete with s t a t e  vector updates; r a the r  , 
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t h e  t e s t s  were devised t o  examine d i f fe rences  i n  program formulation. 
Nominal operating procedures w i l l  mi t iga te  some of t h e  formulation 
d i f fe rences .  

Test 1, summarized i n  t a b l e  111, i s  an "end-to-end" simulation of 
t h e  E mission rendezvous without s ta te  vector  updates.  
w a s  not simulated. 
vector updates t h e  e r r o r  i n  AGS state vector  estimates becomes considerable 
and causes AGS rendezvous t a rge t ing  t o  be i n  e r r o r ,  which r e s u l t s  i n  
considerable TPF m i s s  as compared t o  PGNCS. I n  t h i s  t e s t  case  AGS TPF 
miss w a s  about 40 n. m i .  and PGNCS TPF w a s  about 1 n. m i .  I n  t h i s  
pa r t i cu la r  t e s t  t h e  AGS-targeted CDH maneuver w a s  t h e  prime cause of t h e  
TPF m i s s .  Such e r r o r s  w i l l  be negated by t h e  update of t h e  AGS shor t ly  
before each maneuver. 

T r i m  of r e s idua l s  
This t e s t  pointed up t h e  w e l l  known f a c t  t h a t  without 

The PGNCS est imate  of TPI t i m e  i s  qui te  d i f f e r e n t  from t h e  nominal. 
That d i f fe rence  can be t raced  t o  t h e  f a c t  t h a t  t h e  PGNCS CSI AV and CDH 
time are computed based on Keplerian o r b i t  p red ic t ions .  The resul t  i s  
t h a t  t h e  CDH maneuver t i m e  i s  not nominal. TPI t i m e  s h i f t s  because CDH 
i s  not a t  an aps i s  as ta rge ted ,  and t h e  CDH phasing i s  not as ta rge ted  
because it w a s  t a rge ted  with Keplerian equations.  

The PGNCS midcourse maneuver of 2 . 2  f p s  i n  t e s t  1 r e s u l t s  from t h e  
use of an extrapolated V i n  t h e  t a rge t ing  of t h e  TPI maneuver. 

G 

The difference i n  cutoff  c r i t e r i a  i s  shown t o  have a not iceable  
e f f e c t  but i s  not considered s ign i f i can t .  The PGNCS cutoff  f o r  t h e  
1 1 6 . 7 - f ~ ~  ex terna l  AV " inser t ion" burn w a s  near pe r fec t .  
maneuver t h e  AGS underburned by 1 fps .  The burn t i m e  f o r  t h e  CDH maneuver 
w a s  less than 6 seconds, and t h e  PGNCS the re fo re  computed T 

Since t h e  programmed constants f o r  t h e  PGNCS short-burn log ic  are not 
cons is ten t  with t h e  most recent engine da t a  ( refs .  7 and 81, t h e  TGO 

ca lcu la t ion  w a s  i n  e r r o r  and caused an underburn of about 1 fps .  For 
t h e  CDH maneuver t h e  AGS cutoff  c r i t e r i a  a l s o  caused approximately 1 f p s  
underburn. 

On t h e  same 

only once. GO 

T e s t  2 consisted of picking of f  AGS a c t u a l  s ta te  vec tors  a f t e r  
each maneuver of t es t  1 and using them i n  t h e  PGNCS t o  t a r g e t  t h e  following 
maneuver i n  the sequence. The AV t a rge t ing  d i f fe rences  w e r e  2 .9  fps  
for CSI and about 4.5 fps  for CDH but become considerable f o r  TPI. 
l a rge  AGS t a rge t ing  e r r o r s  are due t o  t h e  l ack  of s ta te  vector  updates 
i n  t e s t  1. 

The 

I n  t e s t  3 both PGNCS and AGS were supplied with nominal pre-maneuver 
s ta te  vectors  f o r  each maneuver. Subsequent t a rge t ing  d i f fe rences  were 
negl ig ib le .  
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Test 4 w a s  designed t o  i s o l a t e  t h e  e f f e c t  of cutoff  d i f fe rences  a t  
TPI .  The t e s t  setup w a s  devised t o  cause t h e  AGS and PGNCS Lambert 
t a r g e t i n g  t o  compute the  same TPI maneuver. TPI cutoff  e f f e c t s  on mid- 
course a r e  compared and a r e  s m a l l .  AGS MCC AV w a s  about 0.1 fps  and 
t h e  PGNCS MCC AV w a s  about 1 .2  fps.  The PGNCS MCC AV r e su l t ed  mainly 
from t h e  use of an extrapolated V i n  t h e  computation of t h e  TPI maneuver. G 

Another program t e s t  w a s  carr ied out based on t h e  second CSI of t he  
D mission rendezvous. The following l i s t  summarizes t h e  t e s t  setup: 

1. 

2. 

3 .  

4. 

5 .  

Near c i r c u l a r  pre-CSI t r a j ec to ry .  

F i r s t  aps i s  a f t e r  CSI i s  nominally perigee.  

CDH i s  scheduled at t h e  f i r s t  aps i s  a f t e r  CSI. 

Phasing conditions require  a retrograde CSI maneuver. 

The above four  items cause CDH t o  nominally occur 180° from CSI. 

Tests made show t h a t  a s m a l l  per turbat ion t o  the  near -c i rcu lar ,  pre- 
CSI o r b i t  can cause t h e  f i r s t  apsis  a f t e r  CSI t o  be an apogee instead 
of perigee.  
But a retrograde CSI maneuver s h i f t s  t h e  apogee back very near t o  CSI. 
The r e s u l t  of t h i s  s i t ua t ion  i s  t h a t  t h e  CSI i t e r a t i o n  log ic  i s  unable 
t o  f ind  a so lu t ion  and e x i t s  w i t h  an alarm code set .  The only 'work- 
around'' ava i lab le  i n  t h a t  s i t ua t ion  i s  t o  schedule CDH a t  t h e  second aps i s .  
The r e su l t an t  pos i t ion  of CDH may then impact t h e  t imel ine between CDH 
and TPI .  It i s  recommended t h a t  t h e  PGNCS CSI i t e r a t i o n  log ic  be changed 
as follows: 

The phasing conditions s t i l l  requi re  a retrograde CSI maneuver. 

1. Delete t h e  e c c e n t r i c i t y t e s t  from t h e  log ic  f o r  computing CDH 
t ime . 

2. Place t h e  a l t i t u d e  r a t e  tes t  to le rance  of t h e  same log ic  i n t o  
e rasable  memory. 

3. Nominally s e t  t h e  value of a l t i t u d e  rate t e s t  t o  7 fps .  These 
changes w i l l  allow another option t o  handle problems such as the  one 
discussed above. That i s ,  t he  astronaut i s  provided with a way of causing 
t h e  computer t o  schedule CDH 180° from CSI. 
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TABLE I.- COMPARISON OF PGNCS AND AGS COMPUTATIONS FOR 

THE RENDEZVOUS PHASE 

PGNCS 

J t i l i z e s  both a prec is ion  integra- 
t o r  and a two-body in t eg ra to r  f o r  
s ta te  vector  propagation 

3iases t h e  in-plane t h r u s t  d i rec t ior  
of ex terna l  AV maneuvers ( such 
as CSI and CDH) by one-half t h e  
estimated burn a r c  

Ief ines  t h e  external  AV t h rus t ing  
coordinate system t o  be t h e  l o c a l  
hor izonta l  , l oca l  v e r t i c a l  system 
a t  t h e  main engine i g n i t i o n  

?erforms t h e  CSI and CDH maneuvers 
with a f ixed  i n e r t i a l  t h r u s t  
d i r ec t ion  guidance mode 

Ioes not redetermine, af ter  execu; 
t i o n  begins ,  t h e  CSI or  CDH AV 
required 

Has no constraint  on t h e  number of 
aps ida l  crossings between CSI 
and CDH 

I n  t h e  pre-CSI rou t ine ,  has no way 
t o  specify CDH t i m e  with input 
o ther  than by a p s i s  crossing 
number 

For e i t h e r  a near-circular o r b i t  
a f t e r  CSI o r  CSI near a n  a p s i s ,  
t h e  program automatically switcher 
from an  aps is  search t o  a c e n t r a l  
angle  multiple-of-180°-mode on 
CDH posit ioning 

AGS 

Uses only two-body motion 

Does not b i a s  ex terna l  AV maneuvers 
(CSI and CDH are not ex terna l  
AV maneuvers i n  t h e  AGS) 

Defines t h e  external AV coordinate 
system at t h e  start of u l l age  

Redetermines t h e  t h r u s t  d i r e c t i o n  
f o r  t h e  CSI and CDH maneuvers 
each 2-second guidance cycle  and 
i s ,  as such, an  "orb rate" guidanc 
mode 

The AV required f o r  t h e  CSI and CDH 
maneuvers i s  recomputed each 
2-second guidance cycle  during 
execution. 

Has three-apsis  crossing capab i l i t y  
only 

Has an input opt ion t o  spec i fy  CDH 
t o  be posit ioned at a mul t ip le  
of 180° from CSI 

Has no such automatic switching 

. 
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TABLE I.- COMPARISON OF PGNCS AND AGS COMPUTATIONS FOR 

THE RENDEZVOUS PHASE - Continued 

PGNCS 

May t a r g e t  t h e  a c t i v e  vehic le ' s  
pos i t i on  at TPI t o  be i n  any 
in-plane quadrant r e l a t i v e  t o  t h e  
passive vehic le  

I n  t h e  pre-CSI i t e r a t i o n  t h e  phase 
angle computed a t  TPI i s  t h e  re- 
s u l t  of i n t eg ra t ing  both s t a t e  
vec tors  t o  t h e  time of TPI w i t h  
two-body mot ion  

The program automatically recycles 
f o r  a new so lu t ion  i f  any o f  the 
l i s t e d  t a rge t ing  cons t r a in t s  a re  
v io l a t ed  o r  i f  no so lu t ion  i s  
obtained i n  t h e  pre-CSI rout ine 

Has an opt ion t o  compute t h e  time 
corresponding t o  t h e  desired ele- 
va t ion  angle 

The midcourse cor rec t ion  maneuver ii 
performed at a programed number 0: 

minutes from current  time , where 
current  t i m e  i s  t h e  time of pro- 
gram call-up 

Guidance commands account f o r  DPS 
gimbal i ng 

The l o c a l  hor izonta l  guidance 
coordinate  system is : 

X - hor izonta l ,  i n  plane 
Y - normal t o  t h e  X Z  plane 
Z - down t h e  rad ius  vector  

AGS 

May only t a r g e t  t h e  ac t ive  vehic le  
t o  be below and behind o r  above 
and ahead at TPI 

The CSI i t e r a t i o n  assumes near- 
c i r c u l a r  c o e l l i p t i c  o r b i t s  and 
u t l i z e s  a f irst  order approximation 
of t r u e  anomaly as a funct ion of 
mean anomaly i n  t h e  computation of 
t h e  TPI phase angle 

Makes no checks on cons t ra in ts .  
Time between maneuvers, and AV 
values  are ava i lab le  t o  t h e  a s t ro -  
naut through DEDA readouts.  The 
post-CSI pe r i aps i s  height i s  not 
ava i l ab le  t o  t h e  astronaut  u n t i l  
a f t e r  execution. 

P i l o t  must determine t h e  TPI time 
corresponding t o  t h e  desired 
e leva t ion  angle by watching t h e  
DEDA readouts 

The midcourse cor rec t ion  maneuver 
i s  performed a t  an input number 
of minutes from current t ime 

Makes no cor rec t ions  f o r  gimbaling 

The l o c a l  hor izonta l  guidance 
coordinate system f o r  t h e  LM is: 

X - hor izonta l ,  p a r a l l e l  t o  t.he 

Y - normal t o  t h e  XZ plane 
Z - down t h e  radius  vector  

CSM plane 
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TABLE I.- COMPARISON OF PGNCS AND AGS COMPUTATIONS 

FOR THE RENDEZVOUS PHASE - Concluded 

PGNCS 

Whenever t h e  i n i t i a l  es t imate  of 
i-s less  than  TGO ’ burn t i m e ,  

6 seconds no ac t ive  s t ee r ing  i s  
performed. During a burn,  when- 
ever T becomes l e s s  than 

4 seconds t h e  system i s  put i n  an 
a t t  itude-hold mode. 

GO 

The TGO ca lcu la t ions  include con- 

s ide ra t ions  of engine t a i l - o f f .  
The engine i s  shut down on a 
TGO = 0 c r i t e r i o n  

In Lambert guidance 7 i s  extra-  
G 

polated by an approximating 
funct ion over several  guidance 
cycles  before  being redetermined. 

AGS 

Whenever IT I < 1 5  f p s  a c t i v e  G 
s t ee r ing  ceases and an a t t i t u d e -  
hold mode i s  ac t iva t ed  

AGS does not use T as an engine GO 
shutdown parameter. Rather,  AGS 

shuts  down whenever ITG[ < 100 fps  

- and t h e  X-body axis component of 
V i s  less  than  2 .1  f p s .  G 

7 i s  redetermined each guidance 

cycle  of a Lambert maneuver. 
G 

r 
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TABLE 11.- TOLERANCES AND CONSTRAINTS USED I N  THE 

RENDEZVOUS TARGETING PHASE OF THE PGNCS 
- 

Tolerance or cons t r a in t  

Maximum number of CSI i t e r a t i o n s  

CSI convergence c r i t e r i o n  

Ci rcu lar  mode on CDH time is  used 
whenever e i t h e r  

Minimum time between maneuvers 

Minimum pe r i aps i s  

Bounds on CSI AV 

M a x i m u m  number of i t e r a t i o n s  on 
t h e  e leva t ion  angle 

Elevation angle search convergence 
c r i t e r i o n  on t h e  phase angle 
error Ay 

Amount of delay from time of astr* 
naut call-up of t h e  midcourse 
program u n t i l  midcourse maneuver 
execution. - 

Amount 

1 5  

lAVl < 0.1  f p s  

[ li < 0.05 f p s  

1 0  minutes 

85 n. m i . ,  e a r t h  

35 000 f t ,  moon 

lAVcSIl < 1000 fps  

1 5  

Mission dependent: 
about 2 - 5 minutes 



TABLE III: TEST 1 - PGNCS VERSUS AGS "END-TO-END~~ 

SIMULATION OF E MISSION RENDEZVOUS WITHOUT UPDATES 

Maneuver 

'I I n s e r t  ion" 

CSI 

CDH 

TPI 

Parameter 

Burned AV, f p s  

Target AV, f p s  

Burned AV, f p s  

Target AV, f p s  

AVX, f p s  

AVZ Y f p s  

AV f p s  
Y' 

Time s h i f t  from 
nominal, s ec  

Burned AV, f p s  

Target AV, f p s  

AVx, f p s  

AVZ Y f p s  

AV f p s  
Y' 

Apogee AH, n.  m i .  

Per igee AH, n .  m i .  

Apsidal skew, deg 

Time s h i f t  from 
nominal, sec 

Burned AV, f p s  

Target AV, f p s  

Avx, fPs 

hV fps  Y' 
AvZ, fPs 

Va 

PGNCS 

116.7 
116.7 

0.25 

0.25 

0.25 

0.0 

0.0 

10 5 
63.9 

64.8 
61.4 
0.0 

-21.0 

-10.0 

-9.4 
2.5 

156 
22.2 

22.0 

-18.5 
-.3 

12.0 

Le 

AGS 

115 .a 
116.7 

1.02 

1.02 

1.02 

0.0 

0.0 

-200 

65.1 
66.3 
60.9 
0.0 

26.0 

-9.9 
-10.2 

2.3 

-33 

22.9 

22.6 

-19.4 
-.3 

11.6 

c 



TABLE 111: TEST 1 - PGNCS VERSUS AGS "END TO END" SIMlTLATION 

OF E MISSION REmDEZVOUS WITHOUT UPDATES - Concluded 

Maneuver 

MCC 

TPF 

Parameter 

Burned AV, f p s  

Target AV, f p s  

AVx, fPS 

AVZ' fPS 

AV f p s  
Y' 

Miss dis tance 

x, f t  

Y, ft 
2 ,  f t  

PGNCS 

2.2 

Value 

51 
2.2 

0.4 

0 . 1  

2.2 

4.5 x i o 3  
2.0 x 103 

2.9 x 103 

0.09 

0.09 

0.0 

0.03 

2.1 x 105 

0.3 x 105 

1.1 x 105 
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Maneuver 

CSI 

CDH 

TPI 

c 

TABLE IV: TEST 2 - AGS VERSUS PGNCS 

UPDATED WITH AGS ACTUAL STATES 

Par meter 

avx, fps  

AVZ’ fps 

av fps  
Y’ 

Time s h i f t  from 
nominal f o r  predicted 
TPI, sec 

Value 

-1.88 
0.0 

0.0 

65.4 
0 .o 
26.2 

1489 

23.0 

-0.4 

32.2 

AGS 

1.02 

0.0 

0.0 

60.9 

0.0 

26.0 

-33 

-19.4 
-0.3 

11.6 

. 
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TABLE V: TEST 3 - PGNCS VERSUS AGS TARGETING 

STARTING WITH NOMINAL STATES AT EACH MANnrVER 

Maneuver 

CSI 

CDH 

TPI 

Parameter 

bVx Y fps  

AVZ¶  f p s  

av f p s  
Y Y  

T i m e  s h i f t  i n  pre- 
d i c t e d  CDH t i m e  from 
nominal, sec 

~~~~ 

AVx’ fps  

avz Y fPS 

AV f p s  
YY 

Time  s h i f t  i n  pre- 
d i c t e d  TPI t i m e  from 
nominal, sec 

Value 

PGNCS 

-0.21 

0.0 

0.0 

12 0 

61.9 
0.0 

-3.0 

-84 

-19.6 
-0.4 

8.1 

AGS 

0.0 

0.0 

0.0 

12 3 

61.9 
0.0 

-3.0 

42 

-19 5 
0.1 

7.9 
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TABLE V I :  TEST 4 - E F F E C T S  O F  D I F F E R E N C E S  

M a n e u v e r  

TPL 

MC C 

. 

I N  E N G I N E  CUTOFF 

P a r a m e t e r  

Target AVx f p s  

AV fps  
YY 

AVZ Y fPS 

Burned AV, f p s  

V R e s i d u a l s  G 

AvxY fPs 

av fps  
Y Y  

AVZ Y fPS 

Target AVx, f p s  

av f p s  
Y Y  

AVZY fPS 

PGNCS 
V a l u e  

AGS 

-19.6 
-0.4 
8.1 

21.3 

0.13 

0.09 

-0.04 

0.0 

-0.1 

1.2 

-19.6 
-0.4 

8.1 

21.38 

-0.05 

0.07 

0.0 

0.11 

0.0 

0.09 
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